A simple magnetron co-sputtering method was used to fabricate Cu dispersed Bi 0.5 Sb 1.5 Te 3 thin films, and the co-sputtering method was beneficial to the preferential growth of Bi 0.5 Sb 1.5 Te 3 thin films along c-axis. Cu atoms were well-dispersed in the nano-structured materials. The electrical conductivity sharply increased with the increasing content of Cu due to the effect of Cu on transport property. For Cu target sputtering power of 20 W, a maximum power
Key words: semiconductors; thin films; thermoelectric properties; magnetron sputtering Thermoelectric (TE) effect is an important process for the conversion of waste heat into electricity silently and with low maintenance. The conversion efficiency of TE materials is defined by function of the figure of merit, ZT=S 2 σΤ /k, where S, σ and k are the Seebeck coefficient, electrical conductivity, and thermal conductivity, respectively. Advances over the past decades show that special nanostructure such as nanoplates, nanotubes and nanowires and doping are the two efficient methods to increase ZT [1] [2] [3] [4] .
On one hand, researches on nanostructured thin-film show that quantum confinement is beneficial to enhance the power factor [5] , or to increase phonon scattering at interfaces to reduce the lattice contribution to thermal conductivity [6] . On the other hand, reports based on thermoelectric efficiency indicated that enhancement of ZT can be obtained by introducing metal/semimetals nanoparticles into a semiconducting matrix [7] [8] . For example, Zhang, et al [1] demonstrates that the interfacial barrier between semimetal and semiconductor is able to filter out cold carriers to enhance Seebeck coefficient without losing mobility. In a research on Cu dispersed Bi 0.5 Sb 1.5 Te 3 bulk materials, Kim, et al emphasizes that Cu nanoparticles act as effective phonon scattering centers in the Bi 0.5 Sb 1.5 Te 3 , and the electrical conductivity increased systematically with increasing content of Cu nanoparticle [9] .
Additionally, compared with bulk materials, ZT of low-dimensional Bi 2 Te 3 or Sb 2 Te 3 based materials can be significantly improved, and the values of ZT higher than the value of 2 are reported in the thin film by many groups [10] [11] [12] [13] . Bi 2 Te 3 or Sb 2 Te 3 based thin films have been elaborated by a variety of deposition techniques, such as flash evaporation (FE) [14] , pulsed electrodeposition (PED) [15] , magnetron sputtering [16] , metal-organic chemical vapor deposition (MOCVD) [17] and molecular beam epitaxy (MBE) [18] [19] . Especially, high quality films with nanostructure can be obtained by MOCVD and MBE, but the lower growth rate of both two methods limits their applications in industry. Therefore, some other methods cater to the requirement in large-scale production of thermoelectric industry, such as magnetron sputtering permit much higher growth rate [20] . Nonetheless, there are few studies on the fabrication of Bi 0. [16, [21] [22] .
In this study, a simple magnetron co-sputtering method is used to fabricate the Cu dispersed Bi 0.5 Sb 1.5 Te 3 thin films to prepare a stable phase with good transport property.
Experiment
The thin films were deposited on polished aluminum nitride (AlN) substrate by co-sputtering method using a magnetron sputtering system (JGP-450a, SKY Technology Development Co., Ltd. Chinese Academy of Sciences). Before deposition, the substrate was cleaned in turn using acetone, alcohol and de-ionized water for 15 min in an ultrasonic bath. Commercial 60 mm diameter hot-pressed Bi 0.5 Sb 1.5 Te 3 target (99.99%) and Cu target (99.999%) (Purchased from General Research Institute for Nonferrous Metals, China) were used and the distance between targets and substrates maintains at 90 mm. The Bi 0.5 Sb 1.5 Te 3 film was deposited at 400℃, 2.0 Pa and 20 W, by co-sputtering with the hot-pressed Bi 0.5 Sb 1.5 Te 3 and Cu targets. Bi 0.5 Sb 1.5 Te 3 target was connected to a direct current power supplier and Cu target was connected to a radio frequency power supplier. The power of Cu target was adjusted from 5 W to 50 W to deposit the film with different content of Cu. After deposition, in-situ annealing was carried out in Ar atmosphere for 40 min. Then, the samples with power of 5 W, 10 W, 20 W and 40 W were picked out and discussed in the following sections.
The X-ray diffraction (XRD) pattern of the product was taken on a Rigaku D/MAX 2200 PC automatic X-ray diffractometer with Cu Kα radiation (λ=0.154056 nm), with operation voltage at 40 kV and current maintained at 40 mA. The morphology and composition of the thin films were analyzed by field emission scanning electron microscopy (FE-SEM) (FEI Sirion 200) equipped with energy dispersive X-ray spectroscopy (EDS). For the quantitative analysis of the different elements, five or more different regions of each sample were analyzed. Carrier concentration and mobility were characterized on thin films deposited on 10 mm × 10 mm × 0.38 mm (measured by spiral micrometer ) substrates with four-probe method using a Hall effect measurement system (ECOPIA HMS-3000).
In-plane electrical conductivity (σ) and Seebeck coefficient (S) were simultaneously measured on thin films deposited on 5 mm × 15 mm × 0.38 mm substrates by ZEM-3 (Ulvac Riko, Inc.). Figure 2 shows the surface morphology and cross sectional view of the thin films. The shape of grains on the surface are more regular hexagonal with the increasing Cu target sputtering power from 5 W to 20 W (Fig. 2(a) , (c), (e)) and. These hexagonal grains are all about 1 μm with well crystalline, while thicknesses of the grains increase with the increasing power. These films are about 1 μm thick and stacked by tens of nanometer thick layers (Fig. 2(b) , (d), (f), (h)). When the power reaches 40 W, the size of grains sharply decreases and the shapes of grains are like balls in Fig. 2(g) . The cross sectional view also shows that the film is stacked by irregularly shaped grains instead of layers. The pictures indicate that the Cu atom well dispersed into the thin film, and the crystal size and shape can be affected by the increased Cu content. The SEM results about grain size and layer structure also correspond to the greatly change of peak positions and peak width as shown in XRD patterns. The result of EDS confirms that the thin films have an increasing Cu content of 1.26wt%, 3.59wt%, 6.56wt% and 18.09wt%.
Results and discussion
The in-plane electrical conductivities (σ) and Seebeck coefficient of all Bi 0.5 Sb 1.5 Te 3 films have been investigated at various temperatures (in Fig. 3(a, b) ) using the four probes in a commercially available ZEM-3 system.
The electrical conductivities of Cu-dispersed Bi 0.5 Sb 1.5 Te 3 increase from 8 × 10 4 S/m to 16 × 10 4 S/m with increasing Cu target power at 305 K ( Fig. 3(a) ). This is attributed to an increase of carrier concentration due to the effect from Cu atom as we will show next section. The (Table 1) show that the film is p-type with an effective electron concentration ranging from 2.8×10 20 cm −3 to 1.8×10 21 cm Fig. 3(b) . It is decreased at room temperature by the Cu dispersing and is stable with increasing temperature. The Seebeck coefficient can be expressed as follow [17] ,
where k B is the Boltzmann constant, r is the exponent of the power function in the energy dependent relaxation time expression, and N V is the effective density of states in the valence band. Seen from Eq(1), Seebeck coefficient is mainly dependent on carrier concentration. In this case, the decrease in the Seebeck coefficient of the Cu-dispersed Bi 0.5 Sb 1.5 Te 3 at room temperature is due to the increase in the carrier concentration. ) at ~355 K. The power factor is enhanced dramatically by the Cu dispersion, which is attributed mainly to the increase in electrical conductivity.
Conclusions
In summary, Cu-dispersed Bi 0.5 Sb 1.5 Te 3 thin films have been successfully fabricated by a simple magnetron co-sputtering method and the Cu atom is well dispersed into Bi 0.5 Sb 1.5 Te 3 crystal. Cu target co-sputtering is beneficial for growth of (00l) oriented Bi 0.5 Sb 1.5 Te 3 thin films. The electrical conductivity increases systematically with increasing Cu content. The power factor is enhanced over a temperature range of 305−415 K due to the high electrical conductivity and the maintenance of Seebeck conductivity, which provides the possibility of designing a material with a high electrical conductivity and acceptable Seebeck coefficient for thermoelectric application in the low temperature range.
